Patients with hepatocellular carcinoma (HCC) have poor prognosis and a limited choice of effective treatment. The multikinase inhibitor sorafenib is the only systemic treatment currently approved for these patients. Refametinib RDEA 119), a MEK1 and MEK2 inhibitor, has demonstrated synergistic antitumor activity in vitro and in vivo when given with sorafenib. Combining these agents may provide an effective and tolerable therapy for HCC patients. We report findings from a phase II study evaluating the efficacy and safety of refametinib plus sorafenib in Asian patients with HCC. Although not directly compared in this study, observed disease control rate, time to progression, and overall survival were higher compared with previous sorafenib monotherapy studies, especially in relation to Asian patients. Both refametinib and sorafenib were tolerated; however, most patients required dose modifications, mainly due to frequent grade 3 adverse events. The identification of RAS mutations within the best clinical responders of this study suggested a distinct clinical benefit for this patient subgroup which merits further investigation. (primary efficacy analysis; n = 58). Median time to progression was 122 days, median overall survival 290 days (n = 70). Best clinical responders had RAS mutations; majority of poor responders had wild-type RAS. Most frequent drug-related adverse events: diarrhea, rash, aspartate aminotransferase elevation, vomiting, nausea. Dose modifications due to adverse events were necessary in almost all patients.
INTRODUCTION
Worldwide, liver cancer is the fifth most commonly diagnosed neoplasm in men and a leading cause of cancer-related death in both men and women (1) . Hepatocellular carcinoma (HCC) is the most common subtype of hepatic neoplasm, accounting for 85-90% of liver cancer worldwide (2) . Prognosis is poor for patients with HCC, with a 5-year survival rate of only 11% (3) . Survival rates may improve following surgery (i.e. 5-year survival of 60-70% for post-surgical patients with HCC); however, as the majority of patients present with intermediate/advanced disease, only a small proportion (18%) are eligible for surgical intervention (4) . Non-surgical locoregional treatments are available (5); however, these are associated with a high risk of recurrence and not all patients with HCC benefit from these interventions (6). The development of systemic treatments for HCC is therefore essential.
The multikinase inhibitor sorafenib (Nexavar 7 RAF signaling (13) argues that dual inhibition by combining sorafenib plus refametinib may be an effective approach in HCC.
The promising findings from these studies led to the design of a phase II study to evaluate the efficacy and safety of the combination therapy in Asian HCC patients with Child-Pugh A status. The study population and planned evaluations were based on those of the ORIENTAL phase III study, the randomized, placebo-controlled study which evaluated sorafenib monotherapy in patients with advanced HCC (15) . Additional inclusion and exclusion criteria were added to reflect adverse events (AEs) now associated with sorafenib and to enhance the evaluation of refametinib.
MATERIALS AND METHODS

Study design and objectives
This was a single-arm, open-label, multicenter phase II study of patients with advanced or metastatic HCC from 14 centers in South Korea, Taiwan, Hong Kong, and Singapore (NCT01204177).
All eligible patients received twice-daily refametinib 50 mg in combination with sorafenib.
The treatment period was divided into 3-week cycles, for the purposes of data recording. In cycle 1, patients received daily sorafenib 600 mg (200 mg in the morning and 400 mg in the evening), which was escalated to 800 mg (400 mg both morning and evening) in cycle 2 if there were no occurrences of hand-foot skin reaction, fatigue, or gastrointestinal toxicities of grade 2 or above. The combination dose was selected based on a phase I/II study (NCT00785226) in 62 patients, including 19 HCC patients in the dose-escalation phase, which found twice-daily refametinib 50 mg in combination with twice-daily sorafenib 400 mg to be the maximum tolerated dose in HCC patients (manuscript in preparation). Author Manuscript Published OnlineFirst on October 7, 2014; DOI: 10.1158/1078-0432.CCR- However, a slightly lower sorafenib dose was used in cycle 1 to potentially minimize early toxicity associated with sorafenib (8).
Doses of sorafenib or refametinib could be modified (interrupted or reduced) in cases of clinically significant hematologic or other toxicities that were possibly, probably, or definitely related to study medications. Dose modifications followed pre-defined dose levels (Supplementary Table 1 was performed 30-35 days after the last study treatment administration. Long-term follow-up was planned for every 3 months after the end of study treatment administration.
The primary efficacy endpoint was DCR, defined by the proportion of patients who had a best response rating over the duration of the study of complete response, partial response (PR), or stable disease, according to RECIST version 1.1. To be included in the DCR, stable disease had to be maintained for at least 28 days from the first occurrence of that rating.
Secondary efficacy endpoints were OS, time to progression (TTP), progression-free survival, response rate, and duration of response. Other secondary endpoints were pharmacokinetic (PK) assessments (in a subset of patients), biomarker analysis, safety, and tolerability.
The study followed the Declaration of Helsinki and conformed to Good Clinical Practice guidelines. All local legal and regulatory requirements were met. An independent ethics committee approved the protocol at each study center. Written, informed consent was provided by all patients prior to study enrollment. 
Assessments
Baseline and demographic data were provided in the full analysis group, which included all patients assigned to study treatment. The per protocol group was defined as all patients with no major protocol deviations. The first 58 patients of the per protocol group, in order of study treatment assignment, were included in the primary efficacy analysis. Secondary efficacy analyses were performed on either the per protocol group (DCR by RECIST and modified RECIST) or the full analysis group (progression-free survival, TTP, and OS). The response rate was defined as the proportion of patients with the best tumor response (i.e.
confirmed PR or complete response) achieved during or within 30 days after therapy. Safety variables were assessed from the safety analysis group, defined as all patients in the full analysis group with at least 1 intake of study drug.
Research. Radiological (computed tomography/magnetic resonance imaging) tumor assessments were performed locally by the investigator/study site using both RECIST version 1.1 and modified RECIST at screening, then every 6 weeks during treatment until either PD or end of study treatment. The final analysis for this study was performed 12 months after the last patient had received the first study treatment.
In a subset of patients, single-dose PK of refametinib was characterized on cycle 1 day −3 and multiple-dose PK of refametinib and sorafenib was characterized on cycle 2 day 1. Serial blood samples were collected for 72 hours post-dose on cycle 1 day −3 for PK analysis of refametinib and its inactive metabolite M17 (BAY 1085159), and over the 12-hour dosing interval for analysis of refametinib, metabolite M17, sorafenib, and its metabolite M2
(BAY 67-3472) on cycle 2 day 1. Plasma samples were analyzed using validated analytical methods.
Mutational analysis was performed by Inostics GmbH (Hamburg, Germany) using Beads, Emulsions, Amplification, and Magnetics (BEAMing) technology on DNA isolated from plasma samples collected at baseline. An assay cut-off of 0.02% mutant allele for positivity was used. Mutational status was correlated with clinical outcome using descriptive analyses.
Plasma from 69 patients was evaluated for the following mutations: KRAS (G12A, C, D, R, S, V; G13D; Q61H; A146T), NRAS (Q61H, K, L, R), and BRAF (V600E). Plasma from the 18 best responders of the 69 patients was also evaluated for mutations in CSF-1R (L301S) and PIK3CA (E542K; E545G, K; H1047L, R, Y), but since mutations in these genes were not identified in this patient subset, the remaining 51 patients were not evaluated for these mutations.
Safety evaluations were performed at screening, on the first day of study treatment administration, every week for the first 6 weeks, and 3-weekly thereafter. All treatment- Safety was also assessed within 7 days after discontinuation of study treatment and 30-35 days after the last study treatment administration.
Statistical analysis
Statistical analysis was performed using SAS ® version 9.2 (SAS Institute Inc., Cary, NC, USA). All analyses were descriptive only. Assuming a 1-sided alpha of 0.05, a power of 90%, and an improvement in DCR from 0.35 to 0.55, the estimated required sample size for the primary analysis of this study was 58 patients. The null hypothesis for the primary endpoint was rejected if at least 27 out of the planned fixed sample size of 58 patients were classified as responders contributing to DCR.
RESULTS
Of the 95 patients enrolled onto this study, 70 eligible patients received at least 1 dose of study treatment (Supplementary Figure 1 ) and all 70 patients were included in the full analysis and safety groups. The most common reason for patients failing screening was failure to meet the eligibility (inclusion or exclusion) criteria.
The patient demographic and baseline disease characteristics are shown in Table 1 . All patients within this study population were Asian, with the majority being male. At enrollment, the mean age was 55.4 ± 12.3 years and most patients (74.3%) were 65 years of age or younger.
Research.
on April (Table 1 ). In total, 66 patients (94.3%) discontinued study treatment due to radiological progression (30 patients), AEs associated with PD (11 patients), withdrawal of consent (9 patients), AEs not associated with PD (9 patients), death (9 patients), and PD Author Manuscript Published OnlineFirst on October 7, 2014; DOI: 10.1158/1078-0432.CCR- 50.0% of the study population, respectively. AEs were the main reason for both dose reductions and interruptions.
Efficacy
The overall response rate by RECIST was 6.2%; all PRs (Table 2 ). In the per protocol analysis, confirmed PR was reported in 4 patients (6.2%) and unconfirmed PR in 1 patient (1.5%). The overall response rate by modified RECIST was 9.2%. Stable disease for 10 weeks or more was seen in an additional 22 patients, for a DCR (PR + stable disease) of 44.8% in the efficacy population ( Table 2 ). Of note, the DCR with 26 responders was 1 shy of the prescribed primary endpoint of 27 responders.
DCR by modified RECIST was analyzed in the 65 patients in the per protocol group (Table 2) . Twenty-eight patients were classified as responders contributing to a DCR of 43.1%, 22 patients had stable disease, and 6 patients had confirmed PR.
Duration of response was analyzed only in the 4 patients who had achieved confirmed PR (85, 128, 335, and 382 days for these patients).
In the 70 patients in the full analysis group, median TTP by RECIST was 122 days (95% 
Pharmacokinetic assessments
Sixteen Korean and Taiwanese patients from the overall study population participated in single-dose PK assessments on cycle 1 day −3, 7 of whom also took part in multiple-dose PK evaluations on cycle 2 day 1. The other 9 patients either discontinued study treatments prior to cycle 2 day 1 or had dose interruption or reduction due to AEs within 7 days before PK assessment and were therefore ineligible for multiple-dose PK assessment.
Single-dose PK parameters for refametinib and metabolite M17 are shown in Supplementary 
Biomarker analysis
DNA isolated from baseline plasma samples collected from 69 patients was evaluated for mutations in RAS (K, N) and BRAF using BEAMing technology. A RAS mutation was identified in 4 patients, 3 of whom were still receiving study treatment at the cut-off date used for the final data analysis. These 3 patients had achieved confirmed PR, with duration responses ranging from 128 to 382 days. The fourth patient with a RAS mutation discontinued study treatment after 41 days on therapy due to PD. No mutations in BRAF were identified in these 69 samples. Plasma DNA from 18 of these 69 patients was also evaluated for mutations in CSF-1R and PIK3CA, but none was identified.
Safety
Seventy patients received at least 1 dose of study treatment and were therefore eligible for safety analysis. An exploratory analysis of safety was performed for the 4 patients identified with RAS mutations.
At least 1 treatment-emergent AE was recorded for each of the 70 patients within the safety analysis ( Table 3 Table 4 ). The most common grade 3 or 4 AE was AST elevation; 34.3% grade 3 and 11.4% grade 4 (Supplementary Table 4 ).
All 70 patients reported at least 1 AE assessed by the investigator as being related to refametinib or sorafenib ( Table 4) . The relationship of AEs to refametimib or sorafenib was comparable and most events were considered to be related to both study drugs. A higher proportion of grade 3 or 4 drug-related AEs (81.4% each for refametinib-related AEs and sorafenib-related AEs) was reported than grade 1 or 2 (12.9% each for refametinib-related AEs and sorafenib-related AEs). The most commonly reported AEs attributed to each study drug were diarrhea, rash acneiform, AST elevation, hypertension, vomiting, nausea, alanine aminotransferase elevation, and anorexia (Supplementary Table 5 ). AST elevation was the most commonly reported grade 3 or 4 AE for both drugs: 28.6% grade 3 and 10% grade 4 for both drugs. SAEs related to each study drug were reported by 42.9% of patients and all were considered related to both refametinib and sorafenib. The most frequent drug-related SAEs (occurring in 2 or more patients) were: increased AST (5 patients; 7.1%); diarrhea (4 patients; Tables 6   and 7 ). Four patients (5.7%) experienced fatal SAEs that were considered to be related to both study drugs, including death (not otherwise specified), hepatic failure, tumor lysis syndrome, encephalopathy, and sepsis. Refametinib-and sorafenib-related AEs resulting in either dose modification or permanent discontinuation of study treatment were experienced by 90.0% and 17.1% of patients, respectively. Cardiac, ophthalmic, and neurologic events were considered to be of special interest during this study. Three serious cardiac disorder events (4.3%) of grade 3 were reported as related to both study treatments: acute coronary syndrome, left ventricular systolic dysfunction, and (blurred vision, cataracts, dry eye, floaters, retinal vascular disorders, retinopathy, other eye disorders); 12 of these were considered to be related to the study treatments. Nervous system disorder events were observed in 32 patients (45.7%). The most common neurologic events by Common Terminology Criteria for Adverse Events term were headache in 11 patients (15.7%), dizziness in 10 patients (14.3%), and encephalopathy in 7 patients (10.0%), which reflected the impaired liver function of this study population. Most neurologic events were grade 1 or 2 and the outcome of most events was reported as resolved. Eleven patients had events assessed as related to refametinib and 12 as related to sorafenib. Seven patients had serious neurologic events, 2 of which, grade 4 seizure and grade 5 encephalopathy, were considered related to both study drugs. No significant changes from baseline were reported in electrocardiogram findings, blood pressure, or heart rate at end of study treatment. A continuous decrease in body weight was observed within the study population, which may reflect PD in these patients.
5.7%); and upper gastrointestinal hemorrhage (2 patients; 2.9%) (Supplementary
Each of the 4 patients identified with RAS mutations experienced at least 1 treatmentemergent AE: diarrhea, alanine aminotransferase elevation, AST elevation, and rash acneiform. All 4 patients had a dose interruption and reduction of study treatment due to AEs, although no patient discontinued study treatment due to AEs. Two of the patients with RAS mutations experienced SAEs: grade 3 retinopathy in 1 patient; grade 3 ileus, grade 3 and grade 4 AST elevation, and grade 1 fever in another patient. Except for grade 3 ileus, all SAEs were attributed to the study treatments.
DISCUSSION
This phase II study was designed to evaluate the efficacy and safety of the combination therapy of refametinib plus sorafenib for Asian patients with HCC. The study population was selected to be as similar as possible to that of the large phase III randomized, placebo- controlled ORIENTAL study, which evaluated sorafenib monotherapy (16, 17) . In addition, the methodology for efficacy and safety evaluation was based on the ORIENTAL study.
However, our study used a lower starting dose of sorafenib from that used in the ORIENTAL study (600 mg per day instead of 800 mg per day) in order to potentially reduce the early onset of side effects, with subsequent dose escalation permitted from cycle 2 if there were no occurrences of hand-foot skin reaction, fatigue, or gastrointestinal AEs (grade 2 or above).
The baseline demographic and disease characteristics of our study population are comparable with those reported for the ORIENTAL study population (8). Clinical trials have generally included only patients with stable liver function (Child-Pugh A status), as liver dysfunction events associated with Child-Pugh B/C status may influence results. Similarly to the SHARP and ORIENTAL studies, our study enrolled only patients with Child-Pugh A status.
Although DCR was higher (44.8%) in our study than that reported in the phase III sorafenib monotherapy ORIENTAL study (35.3%) (8), the prescribed primary efficacy endpoint was not reached. The DCR improvements observed in our study compared with previous sorafenib studies are also reflected in the survival findings, especially in relation to Asian patients. Median TTP (4.1 months) and OS (9.7 months) compared favorably with the sorafenib monotherapy ORIENTAL study (median TTP, 2.8 months; median OS, 6.5 months) (8). Notably, in a Japanese prospective study investigating the efficacy and safety of sorafenib in 96 patients with advanced HCC, median OS was higher (11.6 months) but TTP was lower (3.2 months) than in our study (8). Although direct comparison of our findings with previous sorafenib monotherapy studies must be done cautiously as study populations may not be comparable (18), the combination of sorafenib plus refametinib did not result in markedly higher response rates or prolonged survival. The single-arm design of this study, although appropriate to assess initial efficacy and safety signals, is a source of limitation in 
that without a direct comparator the primary endpoint can only be assessed in the context of historical data from previous studies.
PK results in Asian patients enrolled in this study were compared with historical data from western patients enrolled in 2 USA-based, dose-escalation phase I studies assessing refametinib as monotherapy (NCT00610194) (18) and in combination with sorafenib (NCT00785226) in patients with advanced cancer (data on file, Bayer HealthCare Pharmaceuticals). Overall, average single-dose PK parameters were generally comparable between Asian and western study populations enrolled in the monotherapy study.
Refametinib exposure was generally lower in patients enrolled in the sorafenib combination study conducted in the USA. In our study, refametinib AUC (0) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) increased by approximately 80% following twice-daily dosing, which is comparable with the 2-fold increase reported in the refametinib monotherapy phase I study. The ratio of metabolite M17 to refametinib concentration was similar (generally less than 30%) in Asian and US patients. With regards to sorafenib, multiple-dose PK data from our study are comparable with exposure values reported from a phase I study of sorafenib in Japanese patients with advanced refractory solid tumors (14) and other Asian (Chinese and Taiwanese) populations (data on file). Overall, our study suggests that there are no significant ethnic differences in PK of refametinib between Asian and western populations, and that refametinib appears to be well absorbed in Asian patients with HCC.
A biomarker analysis was performed using plasma DNA from 69 patients to investigate a possible correlation between mutational status and clinical outcome. The frequency of mutations for the genes screened was quite low, with only 4 RAS mutations detected (5.8%) and no BRAF mutations detected. The frequency of HCC patients with mutant RAS identified in our study (5.8%) is similar to the frequency of RAS mutations reported in HCC patients 
(5%) (19). A RAS mutation was identified in 3 of the best clinical responders in this study (i.e. patients who had achieved PR and had received treatment for a duration ranging from 128 to 382 days at database cut-off). In contrast, the majority of poor clinical responders in this study had wild-type RAS. These results are consistent with preclinical evidence demonstrating increased activity of MEK inhibitors against cancer cells harboring RAS mutations (20). Therefore, in this study, HCC patients with mutant RAS appeared to exhibit a better clinical response to refametinib plus sorafenib compared with patients with wild-type RAS. The concordance of RAS mutation analysis by BEAMing with tissue analysis has not been confirmed in HCC, although it has been for other solid tumors (20). Thus, as the biomarker analysis in our study was also performed retrospectively in a relatively small uncontrolled patient population, it should be considered to be exploratory. Further investigation is required to assess the clinical activity of this drug combination in HCC patients with mutant RAS.
The actual daily dose of both refametinib and sorafenib received were less than the planned doses; 65% and 62%, respectively, taking into account dose interruptions. Patients initiated sorafenib at a lower dose (600 mg) for cycle 1 and then could escalate to 800 mg for cycle 2.
However, only a small percentage of patients were able to escalate. The incidence of dose modifications (reductions or interruptions) was notably higher in this study (95.7%) compared with the ORIENTAL and SHARP studies (30.9% and 26.0%, respectively). This may be largely a result of the high incidence of reported grade 3 AEs in our study. Of note, the incidence of treatment discontinuation due to AEs was lower in our study (27.1%) than in the SHARP study (38.0%), but higher than in the ORIENTAL study (19.5%). There was a relatively high incidence of treatment-related deaths reported in our study; however, the majority of deaths that occurred during treatment and within 30 days after the last study treatment dose were due to HCC-related events, and of those deaths that occurred over 30 days after the last dose of study treatment, the majority were due to PD. Therefore, the combination of refametinib and sorafenib appeared to be clinically active, although the high incidence of dose modifications may have compromised efficacy. That the majority of patients who responded to this regimen had mutant KRAS tumors is an observation that requires future investigation. Due to the high incidence of high-grade AEs experienced by patients in this study, a phase III study investigating the combination therapy of refametinib plus sorafenib in an unselected patient population is not merited. However, the finding that RAS mutations were identified in patients with long-lasting PR suggests that this patient subgroup may have a distinct benefit from refametinib treatment. 
